Abstract. The aim of the present study was to determine whether resveratrol protects neuronal cells from inflammation and isoflurane-induced oxidative stress-associated death via attenuating apoptosis via Akt/p38 mitogen-activated protein kinase (MAPK) signaling. The PC12 rat pheochromocytoma cell line was treated with 2% isoflurane + 21% O 2 + 5% CO 2 for 6 h and pre-treated with resveratrol (0-1,000 µM) for 0, 24 or 48 h prior to isoflurane treatment. An MTT assay, flow cytometry and ELISA of tumor necrosis factor-α, interleukin-6, malondialdehyde and superoxide dismutase revealed that resveratrol reduced growth inhibition, restrained apoptosis and suppressed inflammation and oxidative stress induced by isoflurane in PC12 cells. Pretreatment with resveratrol effectively reduced caspase-3 activity and inducible nitric oxide synthase protein expression in isoflurane-induced PC12 cells. In addition, western blot analysis demonstrated that resveratrol treatment significantly attenuated isoflurane-induced decreases in the activated phosphorylated (p)-Akt/Akt ratio and increases in the p-p38/p38 MAPK protein ratio in PC12 cells. These findings indicated that resveratrol was able to protect neuronal cells from isoflurane-induced inflammation and oxidative stress-associated death by attenuating apoptosis via Akt/p38 MAPK signaling.
Introduction
With high anesthetic efficacy, inhalation anesthetics, which allow for easy control of the depth of anesthesia, have been widely applied in a clinical setting for >170 years (1, 2) . In the USA, the number of individuals receiving general anesthesia reaches 40 million each year.
Isoflurane, the most widely used intravenous anesthetic in the clinic, takes effect rapidly and its action time is short with few untoward effects (3) . It is therefore widely employed in surgical anesthesia and operations of diagnosis and treatment, such as minor surgery, gastrointestinal endoscopy and interventional therapy (4) . Animal studies have demonstrated that isoflurane and inhalation anesthetics induce apoptosis of neurocytes in neonatal animals and further damage cognitive function (3) . It was also clinically reported that isoflurane resulted in abnormal cognitive functions and behaviors (5) . It was also reported to cause retrograde amnesia (5) .
Isoflurane, which is safe and has good controllability, is one of the most widely used fluorinated inhalation anesthetics (6) . The effect of isoflurane on the respiratory system is extensive and complex (6) . It influences the pulmonary surfactant and inflammatory response of the lungs (7) . The cytokine response is a key link of the early inflammatory response. With the accumulation of large amounts of inflammatory cytokines, lung injury during the peri-operative period is mainly an acute process (7) . Expression of pro-inflammatory cytokines and imbalance of pro-inflammatory/anti-inflammatory cytokines has an essential role in lung injury during the peri-operative period (8) .
The universal functions of resveratrol are based on its variability of site of action (9) . Its sites of action include the cytomembrane, intra-cellular receptor, signaling molecules, enzymes, the oxidative system, the DNA repair system, transcription factors, cell proliferation, the cell cycle, differentiation and cell death (10, 11) . Cellular signaling pathways convert stimuli to signals. This process involves a series of biochemical reactions. Resveratrol has functions of activating or inhibiting a series of signal transduction pathways (12) . The present study investigated whether resveratrol protects anesthesia-induced neuronal cells from inflammation and oxidative stress-induced death, and explored the possible signaling pathways involved to elucidate the underlying mechanisms.
Materials and methods
Cell culture and model groups. The PC12 rat pheochromocytoma cell line was obtained from the Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in Dulbecco's modified Eagle's medium (DMEM;
Resveratrol protects neuronal cells from isoflurane-induced inflammation and oxidative stress-associated death by attenuating apoptosis via Akt/p38 MAPK signaling HyClone; GE Healthcare, Little Chalfont, UK) containing 10% fetal calf serum (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), 100 U/ml penicillin and 100 µg/ml streptomycin at 37˚C, in 5% CO 2 and 95% air. Isoflurane was delivered by an anesthesia machine (Datex-Ohmeda; GE Healthcare) to a sealed plastic box in a 37˚C incubator containing 6-or 96-well plates, into which PC12 had been seeded at 1x10 6 and 5x10 3 cells/well, respectively. Following pretreatment with 10-1,000 µM resveratrol (Sigma-Aldrich; Merck KGaA) for 0, 24 and 48 h or DMEM as a control, PC12 cells were treated with 2% isoflurane + 21% O 2 + 5% CO 2 for 6 h, as described previously (13) .
Determination of inhibition rate via MTT assay. Prior to isoflurane treatment, PC12 cells (5x10 3 ) were seeded into 96-well plates and 20 µl MTT (5 mg/ml; Sigma-Aldrich; Merck KGaA) was added into each well, followed by incubation for 4 h. Subsequently, 150 µl dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA) was added into each well, followed by agitation for 20 min. The optical density at 490 nm (OD490) was measured using an ELISA plate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and the inhibition rate was calculated as follows: [(OD490 control cells -OD490 treated cells )/OD490 control cells ] x100%.
Apoptosis assay. Prior to isoflurane treatment, PC12 cells (1x10 6 ) were seeded into 6-well plates to assess apoptosis. PC12 cells were incubated with Annexin V-fluorescein isothiocyanate and propidium iodide for 30 min in the dark. The apoptotic rate was analyzed using a flow cytometer (BD Biosciences, San Jose, CA, USA).
Determination of inflammation, oxidative stress and caspase-3 activity using ELISA. PC12 cells (1x10 6 /well) were seeded into 6-well plates and subjected to isoflurane treatment. Interleukin (IL)-6, tumor necrosis factor (TNF)-α, malondialdehyde (MDA) and superoxide dismutase (SOD) were assessed using IL-6 (EK-R30201) and TNF-α ELISA kits (EK-R31092; Shanghai Enzyme-linked Biotechnology Co., Shanghai, China) as well as MDA (A003-1) and SOD (A001-1-1) ELISA kits (Nanjing Jiancheng Bio-Engineering Institute Co., Ltd., Nanjing, China). Caspase-3 activity was determined using a Caspase-3 activity kit (C1116; Beyotime Institute of Biotechnology, Nanjing, China) according to the manufacturer's protocol. The ELISA plate reader was from Bio-Rad Laboratories, Inc.
Western blot analysis. PC12 cells (1x10 6 /well) were seeded into 6-well plates and subjected to isoflurane treatment. They were lysed in radioimmunoprecipitation lysis buffer (Beyotime Institute of Biotechnology) with protease and phosphatase inhibitor cocktail tablets (Roche, Mannheim, Germany). The lysate was centrifuged at 12,000 x g for 25 min at 4˚C. The supernatant was collected to measure the protein concentration using a bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology). Protein samples (50 µg per lane) were resolved by 8-12% SDS-PAGE and transferred to a nitrocellulose membrane (EMD Millipore, Billerica, MA, USA) for 2 h. Membranes were blocked using 5% (w/v) skimmed milk in PBS containing 0.1% Tween-20 (PBST) for 1 h at room temperature and then incubated at 4˚C overnight with anti-inducible nitric oxide synthase (iNOS; sc-649), phosphorylated (p)-Akt (sc-7985-R), Akt (sc-8312); p-p38 mitogen-activated protein kinase (MAPK; sc-17852-R) or β-actin (sc-7210) antibodies (all at 1:500 dilution; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) in PBST with 5% skimmed milk for 1 h at 37˚C. Membranes were subsequently incubated with goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (sc-2004; 1:2,000; Santa Cruz Biotechnology, Inc.) for 1 h at 37˚C, and observed using BeyoECL Plus (Beyotime Institute of Biotechnology) and quantified using Image Lab 3.0 software (Bio-Rad Laboratories, Inc.).
Statistical analysis.
Values are expressed as the mean ± standard deviation. One-way analysis of variance, followed by the Tukey multiple comparison test, was used to assess the statistical significance of differences between groups. SPSS version 17.0 (SPSS, Inc., Chicago, IL, USA) was used for data analysis and P<0.05 was considered to indicate a statistically significant difference.
Results
Resveratrol reduces isoflurane-induced growth inhibition of neuronal cells. PC12 cells were treated with resveratrol for 24 or 48 h followed by isoflurane or control conditions for 6 h. The effects of resveratrol on the isoflurane-induced inhibition of PC12 cells were determined using an MTT assay. A dose-dependent growth inhibition by isoflurane on PC12 cells was observed, which was reduced by treatment with resveratrol. Following pretreatment with 1,000 µM resveratrol for 24 or 48 h as well as with 100 µM resveratrol for 48 h, the isoflurane-induced growth inhibition of PC12 cells was significantly reduced (Fig. 1) .
Resveratrol protects neuronal cells from isoflurane-induced apoptosis.
Prior to the anesthetic procedures, the effects of resveratrol on the apoptosis of isoflurane-induced PC12 cells were determined using flow cytometry. As presented in Fig. 2 , isoflurane was observed to induce apoptosis of PC12 cells. Of note, pretreatment with resveratrol inhibited the apoptosis of isoflurane-induced PC12 cells in a dose-dependent manner (Fig. 2) .
Resveratrol protects neuronal cells from isoflurane-induced inflammation.
To evaluate the effects of resveratrol on isoflurane-induced inflammation of neuronal cells, IL-6 and TNF-α activities were examined. As compared with those in the control group, isoflurane treatment was observed to cause significant increases in IL-6 and THF-α activities, which was inhibited by pretreatment with resveratrol (Fig. 3) .
Resveratrol protects neuronal cells from isoflurane-induced oxidative stress. The effect of resveratrol pretreatment on isoflurane-induced oxidative stress in neuronal cells was also assessed. Following treatment with isoflurane, MDA was increased and SOD activity was inhibited as compared with the control group (Fig. 4) . However, pretreatment with resveratrol observably inhibited the isoflurane-induced oxidative stress in PC12 cells (Fig. 4) .
Resveratrol inhibits isoflurane-induced caspase-3 activation in neuronal cells.
In order to assess the effect of resveratrol on caspase-3 in anesthesia-induced neuronal cells, caspase-3 activity was measured using a kit. The results demonstrated that isoflurane markedly promoted caspase-3 activity in PC12 cells, as compared with that in the control group. Treatment with resveratrol significantly inhibited isoflurane-induced caspase-3 activity in PC12 cells (Fig. 5) .
Resveratrol inhibits isoflurane-induced iNOS expression in neuronal cells.
The effect of resveratrol on anesthesia-induced iNOS expression in PC12 cells was assessed. As presented in Fig. 6 , isoflurane induced iNOS protein expression in PC12 cells. Resveratrol pretreatment significantly inhibited the isoflurane-induced iNOS protein expression in PC12 cells (Fig. 6) . cells. The present study also identified the effect of resveratrol on anesthesia-induced PI3K/Akt activation in neuronal cells. The p-Akt/Akt ratio was significantly suppressed by isoflurane in PC12 cells (Fig. 7) . Of note, resveratrol significantly attenuated the isoflurane-induced inhibition of the p-Akt/Akt ratio in PC12 cells (Fig. 7) .
Resveratrol attenuates the isoflurane-induced inhibition of phosphoinositide-3 kinase (PI3K)/Akt signaling in neuronal

Resveratrol inhibits isoflurane-induced p38 MAPK signaling in neuronal cells.
To evaluate the effect of resveratrol on the p38 MAPK signaling pathway in anesthesia-induced neuronal cells, the protein levels of p-p38 and p38 were measured using western blot analysis. Isoflurane was found to induce p-p38 MAPK in PC12 cells compared with that in the vehicle control group (Fig. 8) . However, resveratrol treatment significantly suppressed the isoflurane-induced p-p38/p38 MAPK protein ratio in PC12 cells (Fig. 8) .
Discussion
With the advantages of rapidly taking effect, short maintenance time, fast and complete awakening and no accumulation after continuous infusion, isoflurane has become a widely used intravenous anesthetic (3). Isoflurane was found to have sedation and hypnotic effects and to be a mediator of the inflammatory response and oxidative stress injury (14) . It has been proven that the increase of oxygen free radical injury, respiratory burst of neutrophils and adhesion factors as well as the production of inflammatory cytokines, increases of apoptosis and the synthesis of high-energy phosphates are manifestations of the anti-inflammatory actions of isoflurane (15) . The present study evaluated the capacity of resveratrol to attenuate the inhibition rate and apoptotic effects of isoflurane on PC12 cells and to suppress the associated inflammation and oxidative stress. Bai et al (16) demonstrated that treatment with resveratrol restrained isoflurane-induced neuroapoptosis by activating the Akt signaling pathway. Xu et al (17) demonstrated that resveratrol inhibited hypoxia-induced oxidative stress and inflammation in lungs of neonatal rats.
As a neurotransmitter, NO has an information transfer function and participates in neurodevelopment as well as in the regulation and guidance of axonal growth (18) . It has an important role in learning and memory, which is manifested by the fact that NO affects the long-term potentiation of synapses and regulates the release of neurotransmitters associated with learning as well as memory enhancement (19) . The results of the present study demonstrated that resveratrol inhibited anesthesia-induced iNOS protein expression in PC12 cells. Huang et al (20) indicated that resveratrol inhibits oxygen-glucose deprivation-induced iNOS, caspase-3 and B-cell lymphoma-2 (Bcl-2)/Bcl-2-associated X protein signaling.
It is universally held that cell apoptosis results from cascade events involving a series of highly regulated cysteine proteases (caspases) (21) . Caspase-3 has been proved to function downstream of the cascade reactions, where it causes cellular death by degrading corresponding substrates in cells (22) . However, the true regulators of apoptosis may be its downstream signaling components. As a transmembrane glycoprotein, β-amyloid precursor protein may be cut by caspase-3 and from its protein hydrolysate, amyloid β-peptide may be formed through aggregation (23) . Furthermore, it may induce the activation of caspase-3 and promote apoptosis of cells. The present study found that resveratrol inhibits anesthesia-induced caspase-3 activation in PC12 cells.
After anesthesia induction, a large number of free radicals are produced. Toxic amino acids activate apoptosis-associated genes, which initiate apoptotic signaling pathways to promote apoptosis and necrosis of nerve cells (24) . The Akt signaling pathway participates in apoptosis and is closely associated with cerebral ischemic injury (25) . The present study also found that resveratrol attenuated the isoflurane-induced inhibition of the p-Akt/Akt rate in PC12 cells. Bai et al (16) demonstrated that treatment with resveratrol restrained isoflurane-induced neuroapoptosis by activating the Akt signaling pathway. Campagnolo et al (26) reported that resveratrol reduced neointimal formation in a vascular graft model through microRNA-21/Akt/β-catenin.
Hyperglycemia, abnormal hemodynamics, oxidative stress and pro-inflammatory cytokines activate p38/MAPK signaling pathways (27) . As downstream events of p38/MAPK activation, inflammatory cells are induced, the expression of inflammatory mediators is promoted and the production of inflammatory cytokines is increased. Finally, renal inflammatory lesions occur (28) . In line with this, the present study found that resveratrol treatment significantly suppressed the isoflurane-induced increase in the p-p38/p38 MAPK ratio in PC12 cells. Chun et al (29) suggested that resveratrol downregulates acute thromboembolism-induced pulmonary artery hypertension through p38 MAPK in rats.
